Wet oxidation is a successful process for the treatment of municipal sludge.
Introduction

1
Municipal sludge is the semi-solid residue remaining at the end of a munic-2 ipal wastewater treatment process. The treatment of municipal sludge is be-3 coming increasingly important as current disposal methods such as landfill are 4 not sustainable, G et al. (2005) , and regulations surrounding sludge disposal are 5 becoming more restrictive, (an indicative example being Potts (2003) ). This is 6 intensifying the search for alternative disposal and treatment processes that can 7 address the unique challenges that municipal sludge present, in particular the 8 high water content and the presence of pathogens.
9
One attractive wastewater treatment alternative is wet oxidation. Wet ox-10 idation is the liquid phase treatment of organic or oxidisable inorganic com-11 pounds at elevated temperature and pressure, typically using using oxygen as 12 an oxidant (applied as air or pure oxygen gas). The typical range of reaction 
.
18
Given that wet oxidation does not require water removal prior to treatment,
19
it can directly process liquid municipal sludge. Furthermore the high tempera- conditions needed for an in-depth process analysis.
26
The first stage in the wet oxidation of sludge involves a large proportion of 27 the insoluble organic content being solubilised through hydrolytic depolymeri- conveniently describe the wet oxidation process.
40
The variety of previously proposed lumped parameter models for the wet 41 oxidation of a range of waste products, (including municipal sludge) is evident 42 from the range of models listed in Baroutian et al. (2015) .
58
While models like that proposed by Li et al. (1991) give information on the 59 rate of solids or COD reduction and acetic acid production, they generally lack 60 presented in this work is given in Fig. 3 .
90
However there are some deficiencies of these mechanistic models which was 91 Diagram Reference 
Materials and Methods
102
The municipal biosolids feed material used for the experiments was obtained 
130
For each experiment the reactor was charged with 250 mL water and was ini- is easier to measure. In any case, as will be evident in section 3, this variable 143 had negligible effect on the model.
144
Using a manual extraction system, 20 mL liquid samples were taken after 2, center of the design space repeated 4 times.
151
Gas samples from the reactor headspace were taken for four of the experi-152 ments using a high pressure Valco selector valve, which directed the gas though 
Pilot Plant
157
Wet oxidation experiments were performed on a semi-batch pilot plant facil- second difference is that the laboratory reactor is mechanically stirred, while 168 the pilot plant relies on gas recirculation to provide the mixing.
169
The feed tank was filled with municipal sludge which was the same source of were then pumped into the main reactor, which was then pressurised to 20 bar 173 using compressed air, and the heating and circulation systems were started.
174
After the initial pressurisation, pure oxygen was used to maintain the oxygen 175 concentration in the reactor to between 20 and 25%. Based on the results obtained from this experimental study, and the kinetic acid which were observed to degrade under the reaction conditions in this study.
212
The analysis of the experimental data revealed that pCOD and sCOD con- sCOD were regressed to fit the experimental data.
221
The following reaction pathways are proposed following the kinetic pathway The reaction rate r in reactions R1 to R12 is assumed of the form 
242
The effect of stirrer speed changes was accounted for by a power law based on 
Parameter Regression
251
The kinetic model developed in the previous section consists of a total of 12 252 reactions, 11 states, 3 derived states, and a number of other parameters which 253 need to be fitted. Each reaction has a total of 4 free parameters.
254
In order to have sufficient fitting data, the data from all experiments per-255 formed on the lab scale reactor for this study was used and fitted simultaneously.
256
This results in a total of 266 ordinary differential equations, and 52 free parame- 
264
Given that this regression problem is both nonlinear and of high dimension,
265
there is both the problem of local minima and that the parameters in the Ar-266 rhenius expression could easily be correlated meaning that the response contours 267 are highly elliptical. It is impractical to completely remove these two problems, 268 but they can be mitigated by scaling the regression problem prior to the optimi- 
Results and Discussion
281
To adequately cover the variable space, a fractional factorial experimental Table 5 .
290
The results in Figure 4 show the change in total, particulate and suspended
291
COD (tCOD, pCOD and sCOD) over 60 minutes for four different scenarios, 
A Statistical Assessment of Model Quality
310
Given that the proposed model has more fitted parameters than previously for Reaction 8 because of the limited involvement at these reaction conditions,
318
as such it was not included to reduce the number of parameters used.
319
The correlations for the main components of interest between the model 320 predictions and actual measurements are given separately in Figure 6 for the The ANOVA analysis in Table 5 shows that all of the 47 parameters tested 326 were significantly different from zero, indicated by the t values being non-zero,
327
and that the parameters were statistically significant as all p values were much 328 smaller than the value of 0.05 corresponding to the 95% confidence limit chosen 329 20 as the cut-off for this analysis. The extremely small p value for the ANOVA summary in Table 6 demon-
330
335
strates that it is highly unlikely that all model coefficients are zero.
336 Table 7 gives the overall fit of the extended kinetic model. despite the large number of parameters.
348
The regressed model constants in Table 5 
Pilot Plant Validation Study
358
To validate the proposed kinetic model, experiments were conducted on the 359 wet oxidation pilot plant described in Section 2. Experimental data from a 360 semi-batch experiment were then compared to the model predictions in Figure   361 7. It is important to note that the model used the kinetic parameters (shown in 362 although comparisons using neighbouring values of 300 and 500 showed only a 367 small degradation to the overall predictive performance.
368
There were several practical sampling problems encountered during the ex- 
Establishing an Optimum Operating Point
375
One advantage of the dynamic kinetic model developed in this study is that it 376 can be used for "what if" studies to investigate the effects of different processing 377 conditions, and in fact this was one of the primary motivations for the study.
378
For example, if the production aim was to produce both acetic acid and other 
390
The performance curves in Fig. 8 show that longer batch times deliver a higher 391 yield (not unexpectedly), but that the maximum is gained at lower tempera- 
Conclusion
405
This paper proposes a dynamic model for wet oxidation of municipal sludge.
406
While this model is more complex than alternative models, it was shown to agree 
